Summary
The amount of tritium remaining within and the release rate out of stainless steel process waste from the 232-F Tritium Facility at SRS is calculated as a function of time using the historical exposure of pipe during operation of the facility (1955) (1956) (1957) (1958) and its subsequent deactivation and lay-up. The solution and diffusion of tritium in the wall is the mechanism that governs both the tritium contamination of the pipe during operation and its gradual release after deactivation, including radioactive decay while in the metal. This analysis applies to Segment 6 of the so-called Components in Grout waste form. Results of these calculations will be used in the Groundwater Transport assessment, part of the analysis of the Components in Grout.
Calculation Overview
The 232-F process waste is assumed to be ½" Schedule 40S stainless steel pipe. It is assumed that 1 atmosphere (14.7 psia) of tritium at ambient temperature (25°C) filled the pipe for the entire three years the facility operated. The amount of tritium that permeated into the pipe wall during facility operation is calculated using a finite difference computer program (DIFF94)(Ref.
3). This program is commonly used at SRS to calculate hydrogen isotope concentration distribution and permeation rates in materials. When the 232-F process was deactivated, the tritium gas was removed from the pipe. The remaining tritium in the pipe wall began permeating out into the interior of the pipe and then into the atmosphere. The same finite difference computer program is used to calculate the amount of tritium permeating out of the pipe as a function of time after the 232-F process was retired. Also, the program calculates the amount of tritium remaining in the pipe wall and includes the radioactive decay of tritium to He 3 . Knowing the density of stainless steel and the geometry of the pipe, the total internal surface area of the process pipe is calculated from the net weight of the 232-F process waste in Segment 6. The total amount of tritium leaving the process waste per unit time as a function of time (i.e., months or years since deactivation) is found by multiplying the offgas rate per unit area with the total pipe internal surface area. The total weight of pipe also allows the pipe metal volume to be calculated (the volume of stainless steel in the pipe wall). By multiplying the pipe metal volume by the tritium concentration remaining in the pipe, the total amount of tritium remaining in the metal is determined. This value is the amount of tritium remaining in Segment 6 at any given time.
Background: Solution and Diffusion of Hydrogen Isotopes in Metals
Diatomic gases such as hydrogen and tritium dissolve in metals as single atoms according to Sievert's Law:
in which p is the gas partial pressure, ∆H the heat of solution, R the gas constant, T the absolute temperature, and S 0 the solubility constant. The solubility depends on the square root of the partial pressure because the diatomic hydrogen molecules dissociate at the surface and dissolve as single atoms [1] .
Once dissolved, hydrogen atoms diffuse within solid materials according to Fick's Laws [2] : D is invariant with pressure at the pressure and temperature considered here. Eq. 3 can be solved, for given initial and boundary conditions, to find the concentration as a function of position and time in the wall, c(x,t), and from this condition the flux (amount per unit area per unit time) permeating out of the pipe is calculated using Eq. 3 evaluated at the inner surface of the pipe. Analytical solutions to Eq. 3 exist for specific cases, and numerical solutions can be found for any case using finite difference methods. The computer program DIFF94 employs a finite difference method for this calculation.
"cc H 2 @ STP" is a measure of quantity of hydrogen, i.e., the volume in cubic centimeters the quantity of hydrogen would occupy if it were a gas at Standard Temperature and Pressure (STP), which is 273 Kelvin (0° C.) and 1 atmosphere pressure). This unit is used extensively at the Savannah River Site Tritium Facilities. cc H 2 @ STP is related to moles by:
in which n is number of gram moles. The universal gas constant R is 82.05 cc-atm/ Kelvin. Note that hydrogen isotopes exist as atoms when dissolved in metals, so that the number of atoms per unit volume dissolved in the metal is twice the number of diatomic molecules in Eq. 5 and used in the unit "cc H 2 @ STP".
Calculation Details
As indicated above, the 232-F process waste is assumed to be ½" Schedule 40S stainless steel pipe. This pipe size was typical both of 232-F tritium process and the later 232-H and H Area Old Manufacturing (HAOM) tritium processes. The pipe was assumed to be filled with 1 atmosphere absolute of 100% tritium gas for the entire three-year (36 month) life of the facility (from 1955 to 1958), and then the partial pressure of tritium was assumed to be zero from 1958 onward. The temperature both during operation and afterward was assumed to be 25° C. DIFF94, a finite difference computer program [3] , was used to calculate the amount and distribution of tritium in the pipe wall (using Eqs. 1-4 above) established during tritium exposure and after exposure (i.e., during deactivation and waste disposal). The program also calculated the flux of tritium coming out of the pipe from the inside wall. The amount of tritium exiting the outside wall, based on the tritium concentration profile, was calculated to be zero. For simplicity and fewer calculation estimates, the calculation was performed for a 0.109" thick one dimensional slab rather than a cylindrical geometry. The final calculation employed 50 time steps having lengths from 0.1 to 120 months; another run using 25 steps resulted in identical results for the exit flux (this means that the time steps were short enough to ensure the program had converged to the true solution). The 50 time step calculation is reported here because it extends out to longer time. The first time step was the initial three year (36 month) exposure to tritium at 1 atm and 25° C. Subsequent time steps allow the tritium flux and the amount remaining in the pipe wall to be calculated and plotted as a function of time. The calculation was performed out to the year 2170, over 16 half lives. The results of this calculation are the flux of tritium exiting the pipe in units of cc H 2 @ STP per cm 2 per second and the average amount of tritium residing in the pipe in units of cc H 2 @ STP per cc of metal. Table I presents results of this calculation. The tritium flux out of pipe at the end of step 1 is not applicable because the tritium is still permeating into the pipe from the 1 atm. tritium gas source within the pipe.
To convert the calculated tritium flux out of the pipe and remaining concentration in the pipe to an annual rate of total curies tritium exiting the waste in Segment 6 and remaining total curies tritium in Segment 6, the volume of contaminated pipe is calculated assuming the net weight of the 232-F process waste is entirely comprised of ½" Schedule 40S stainless steel pipe. The net weight of the waste is calculated from the SRS Waste Information Tracking System (WITS), which has the weight of all items in Segment 6; the total weight for segment 6 is the sum of the weights of each item. Schedule 40S has a wall thickness of 0.109", an inside diameter of 0.622", and an outside diameter of 0.840". The calculations of the pipe volume and surface area are presented in Figure 1 . From the weight of pipe, the metal volume of pipe is calculated using the density of stainless steel. The assumed geometry of the pipe also allows the total internal surface area to be calculated. Table  I contains the calculated curies tritium remaining in the waste at the end of each step and the evolution rate in curies/year during each step. Figures 2 and 3 are graphs of the calculated tritium retention and release rate (respectively) from CIG Segment 6. 
